The tubulin-like FtsZ protein polymerizes into a contractile ring structure required for cytokinesis in most bacteria. Two new studies report that FtsZ polymers move around the ring by treadmilling, which guides and regulates the inward growth of the septal wall.
Breaking up is hard to do and, even for relatively simple bacteria, cytokinesis is arguably the most difficult single mechanical challenge that a cell faces. Every 20 minutes or so, bacteria such as the Gram-negative Escherichia coli or the Gram-positive Bacillus subtilis need to partition their chromosomes, identify their cell midpoints, build a division septum, and coordinate membrane scission. This sophisticated level of cellular organization requires a protein cytoskeleton that can assemble into a macromolecular framework that is sufficiently robust to act as a scaffold, whilst remaining responsive to various physical and regulatory cues. Such a cytoskeleton is not as plainly visible in electron micrographs of bacterial cells as it is in eukaryotic cells, but technical advances in microscopy over the last 20 years have now helped to establish that most bacteria harbor conserved tubulin and actin homologs that can perform cytoskeletal functions [1] .
The tubulin homolog in bacteria is FtsZ, which is required for cytokinesis in most species. Like tubulin, FtsZ assembles into protofilaments upon binding to GTP, although FtsZ protofilaments contain only a single type of subunit and do not assemble into hollow microtubules. Early in the cell division cycle, spatial regulatory proteins corral FtsZ polymers from throughout the cytoplasm into a 100 nm wide Z ring at midcell, which constricts during cytokinesis. Although they are tethered to the inner surface of the cytoplasmic membrane by other proteins, such as the actin-like FtsA protein, FtsZ polymers in the ring are highly dynamic, with subunits typically exchanging from a soluble cytoplasmic pool to polymeric forms every few seconds [2] . This dynamic Z ring subsequently recruits a number of additional membrane-associated proteins, including enzymes that build septal peptidoglycan, and constricts at the leading edge of this division septum as it is built inward. Despite the many advances in our understanding of bacterial cell division, little is known about how the Z ring regulates the construction of this septal wall. Two new studies now provide insights into how FtsZ polymer dynamics drive synthesis of the division septum in E. coli and B. subtilis [3, 4] .
To put these new studies in context, it is important to understand that FtsZ and MreB, an actin-like cytoskeletal protein, organize cell wall synthesis in many bacteria. Cocci such as Staphylococcus aureus rely on FtsZ for building their cell wall, as they grow by septum synthesis. In contrast, rod-shaped cells such as E. coli and B. subtilis use MreB throughout growth to organize cylindrical sidewall synthesis (the 'elongasome') and, once every cell cycle, employ FtsZ to organize septum synthesis. As a result, E. coli cells lacking FtsZ continue to elongate but fail to divide, whereas cells lacking MreB lose their rod shape. Like FtsZ, MreB interacts with a membrane protein complex that includes peptidoglycan synthesis enzymes. In E. coli, several elongasome proteins also participate in septum synthesis, including MreB itself [5, 6] . A few years ago, using a high-resolution microscopic technique called TIRFM (total internal reflection fluorescence microscopy), Garner et al. [7] found that MreB assembles into patches that move processively around the circumference of the cell, guiding the elongasome during sidewall synthesis. Crucially, inactivating MreB did not stop sidewall synthesis, but inactivating sidewall synthesis stopped MreB motion, indicating that MreB patches act as a passive guide for the movement and distribution of sidewall synthesis enzymes. MreB polymerizes as double-helical, antiparallel protofilaments, suggesting that, unlike F-actin, MreB polymers have no intrinsic polarity [8] . Therefore, the circumferential movement of MreB in response to cell wall synthesis cannot be through filament treadmilling, which is defined as directional migration of a polymer by addition of monomers to one end of a filament and removal of monomers from the opposite end. One attractive model proposes that MreB patches guide the moving elongasome by a feedback mechanism, rapidly responding to changes in local membrane curvature that arise from cell wall synthesis [9] .
Like MreB, FtsZ polymers localize to several mobile patches around the cell circumference, mainly within the Z ring but also elsewhere in the cell [10, 11] . The two new studies show that, in contrast to MreB, FtsZ protofilaments within these patches move by treadmilling. This confirms the previously reported treadmilling of FtsZ protofilament bundles within dynamic and persistent swirls on supported lipid bilayers [12] . One difference is that the treadmilling observed in cells seems to be only partially processive. The overall treadmilling behavior implies that FtsZ protofilaments have polarity, and explains their fast rate of subunit turnover. Moreover, manipulating FtsZ GTPase activity -either with mutants or inhibitors that increase or decrease GTP hydrolysis ratesclearly shows that FtsZ treadmilling is proportional to the rate of GTPase activity, suggesting that hydrolysis activity drives the movement. As bacteria lack motor proteins, treadmilling itself could therefore act as a motor for FtsZ polymers and their cargo ( Figure 1A) . So what's the cargo? The likely answer is the septum synthesis machinery itself, which would be analogous to the cellulose synthesis machinery as powered by cortical microtubules in plant cells [13] . To test this, Yang et al. [4] and Bisson-Filho et al. [3] used super-resolution fluorescence microscopy, including TIRFM, to directly visualize proteins involved in septum synthesis, such as PBP2 of B. subtilis or PBP3 (FtsI) of E. coli. They found that these proteins move in discrete complexes around the Z ring in concert with the treadmilling FtsZ patches. Multiple complexes can simultaneously move in opposite directions, indicating that the overall Z ring does not have directionality. Synthesizing the septum using circumferentially-moving complexes that are only partially processive provides the space and flexibility to build new septal peptidoglycan in concentric rings inward. Moreover, the low abundance of some of the proteins such as PBP3 likely limits the potential number of complexes that could attach to the treadmilling FtsZ [14] . In both E. coli and B. subtilis, blocking septum synthesis had no effect on the rate of FtsZ circumferential movement. This might be expected given the ability of purified FtsZ to treadmill on membranes in vitro without any added factors, but contrasts with MreB, which, as mentioned above, requires coupling with cell wall synthesis for its mobility ( Figure 1B ). This more dominant role for FtsZ in driving local peptidoglycan synthesis compared with MreB makes sense, because sidewall synthesis continues an existing template, whereas septum synthesis must initiate wall assembly in a new orthogonal direction. Moreover, septal peptidoglycan is chemically distinct from sidewall peptidoglycan [15] .
Despite the overall mechanistic similarity, the roles of FtsZ treadmilling speed in driving septum synthesis have interesting species-specific distinctions. In B. subtilis, reduced FtsZ treadmilling rates resulted in proportionally reduced septum synthesis rates, whereas in E. coli, septum synthesis rate was not limited by treadmilling rate, although reduced treadmilling adversely affected the proper distribution and composition of septal peptidoglycan. These results are consistent with evidence that the rate of septum synthesis is limited by the activity of the PBP3 septal transpeptidase and not by the properties of the Z ring itself [16] . One possible reason for the differences between species is that the cell wall and septum of Gram-positive bacteria such as B. subtilis are thicker, demanding a higher throughput from cell wall synthesis enzymes (Fig. 1A) . As a result, slower translocation of the FtsZ-driven septum synthesis complexes might not be able to keep up with the demand, slowing septum construction. Such limitations would not be an issue for MreB, as sidewall synthesis powers MreB movement rather than vice versa.
Many fundamental questions about bacterial cell division remain unresolved, even after the recent revelations. One persistent question is whether FtsZ itself contributes a significant inward pinching force during cytokinesis, or whether it is only a scaffold for septum synthesis. GTP hydrolysis causes FtsZ protofilaments to curve, which could bend membranes; in vitro, membrane-tethered FtsZ is sufficient to constrict liposomes [17] . However, this constriction does not require the type of forces needed in vivo. Perhaps the most likely scenario involves both pinching and scaffolding: treadmilling FtsZ protofilaments locally deform the membrane while directing septum synthesis behind it, resulting in inward motion of the membrane ahead of the building septum [18] (Figure 1A The central (foveal) retina takes about 30 milliseconds longer to signal to the brain than the peripheral retina. In the natural world, a 30 millisecond delay could have real consequences. Why did evolution do it this way?
We all know that we see better in central vision than in peripheral, but few of us realize how truly bad is our acuity in the periphery. Ten degrees away from our fixation point we can barely count an examiner's fingers, in most states the ophthalmologists' threshold for legal blindness. A big part of the reason is that the density of certain retinal neurons falls precipitously away from the fixation point. Although the loss in acuity is sometimes erroneously blamed on a fall in the density of cone photoreceptor cells, the real culprit is the retinal ganglion cells -the last cells in the retina, whose bundled axons make up the optic nerve. They are the sparsest elements in the chain, and thus are limiting for visual acuity over most of the retina. However, this is not all you need to know about the central retina and the periphery. The neurons of the central retina send different kinds of message than those sent in the peripheral retina. In a recent issue of Cell, Sinha and
